Based on the micromagnetic simulations the magnetization switching in a triangle magnetic element by voltage-control of magnetic anisotropy and Dzyaloshinskii-Moriya interaction under inplane magnetic field is proposed. The proposed switching scheme is not the toggle switching but the deterministic switching where the magnetic state is determined by the polarity of the applied voltage pulse. The mechanism and conditions for the switching are clarified. The results provide a fast and low-power writing method for magnetoresistive random access memories.
Voltage control of magnetic anisotropy (MA) in a thin ferromagnetic film has attracted much attention as a key phenomenon for low power spin manipulation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The first experimental demonstration was reported by Weisheit et al. in 2007 [1] . They showed that the MA of ordered iron-platinum (FePt) and iron-palladium (FePd) intermetallic compounds can be reversibly modified by an applied electric field when immersed in an electrolyte. Two years later Maruyama et al. observed voltage-induced change of magnetic anisotropy in an all solid state device with an MgO dielectric layer [2] including MgO-based magnetic tunnel junctions [3] , which paved the way for the voltage-controlled magnetic random access memory (VC-MRAM) with low power consumption [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
The writing procedure of a VC-MRAM is as follows. The memory cell consists of a perpendicularly magnetized recording layer and is subjected to an in-plane external magnetic field. The voltage pulse is applied to the cell to remove the MA and induce the precession of the magnetic moments around the external magnetic field. If the voltage is turned off at one-half period of precession the magnetization switching completes. Since this is the toggle-mode switching preread is necessary; i.e., one has to read the information stored in the cell before writing. It is highly desired to develop another fast and low-power writing method to avoid the cost of preread.
Recently a growing interest in the interface Dzyaloshinskii-Moriya interaction (DMI) [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] emerged because of its relevance to non-collinear magnetic structures such as magnetic walls and magnetic skyrmions [29] . The value of the DMI constant ranges from 0.05 to 1 mJ/m 2 depending on the materials. In 2015 Nawaoka et al. found that the interface DMI in the Au/Fe/MgO artificial multilayer can be controlled by voltage [27] . Although the voltage-induced change in the DMI constant is estimated to be as small as 40 nJ/m 2 at 1 V the observation showed the possibility of manipulating magnetization by using voltage-induced changes of MA and DMI. * h-imamura@aist.go.jp In this paper we performed micromagnetic simulations and showed that voltage-induced changes of magnetic anisotropy and interface DMI can switch the magnetization of a perpendicularly magnetized right triangle under in-plane magnetic field. The magnetic state after the voltage pulse is determined by the polarity of the voltage irrespective of the initial magnetic state.
We consider magnetization switching in a perpendicularly magnetized right triangle nanomagnet shown in Fig.  1 (a) by application of a voltage pulse shown in Fig. 1  (b) . There are two magnetic states at equilibrium: one is up-polarized state and the other is down-polarized state. Both the MA constant (K) and the DMI constant (D) are assumed to be voltage-controllable. Voltage dependence of K has been studied by several groups [3, 6, 7, 30] . Some reported linear voltage dependence [3, 7] and others reported non-linear voltage dependence [6, 30] . In this study K is assumed to be a symmetric function of the voltage (V ) and decreases with increase or decrease of V as shown in Fig. 1 (c) . There is a critical value, K c , below which most magnetic moments are aligned in the plane. Since K is assumed be a symmetric function of V the almost in-plane magnetic state is realized by application of the voltage of |V | ≥ V c , where V c is the critical voltage.
It should be noted that the demagnetization field at the corners is much weaker than that in the middle. Even at |V | = V c the magnetic moments at the corners have a considerable out-of-plane component. One can modify the direction of the magnetic moments at the corners via the voltage-control of D. The DMI is the non-collinear exchange interaction and rotates the magnetic moments. The magnitude of D represents the period of rotation. The sign of D represents the direction of rotation; i.e., clockwise or anti-clockwise. D is assumed to be an antisymmetric function of V as shown in Fig. 1 (d) . The direction of rotation of magnetic moments and therefore the direction of magnetic moments at the corners can be controlled by the sign of V . Although a material having both the symmetric V -dependent K and anti-symmetric V -dependent D has not been fabricated yet, it is important to study the mechanism and conditions for the deterministic switching based on micromagnetic simulations prior to the experiments.
After turning off the voltage the magnetic moments relax to the up-polarized or down-polarized state depending on the magnetic configuration at the corners. In the relaxation process the corners act as nucleation sites. The switching mode is not the coherent rotation but the domain wall displacement. To push the domain wall out of the magnetic element smoothly the magnetic element should have low symmetry shape like a right triangle shown in Fig. 1 (a) .
The micromagnetic simulations were performed by using the software package MuMax3 [31] . We solve the Landau-Lifshitz equation defined as
where m is the magnetization unit vector, t is time, γ is the gyromagnetic ratio and α is the Gilbert damping constant. The effective field
comprises the external field B ext , the demagnetizing field B demag , the exchange field B exch and the anisotropy field B anis . The external field is applied in the positive xdirection: sents the unit vector in the direction of the positive iaxis. The definition of the Cartesian coordinates is given in Fig. 1 (a) . The anisotropy field is given by
where M s is the saturation magnetization and H is the height of the triangle element shown in Fig. 1 (a) . The exchange field comprises the Heisenberg exchange interaction term and the DMI term as
where A is the exchange stiffness constant for the Heisenberg interaction. The width, length and height of the triangle element are assumed to be W = 32 nm, L = 64nm and H = 2 nm, respectively. The system is divided into cubic cells of side length 2 nm. The following material parameters are assumed: saturation magnetization M s = 1.35 MA/m, exchange stiffness constant A = 10 pJ/m. The Gilbert damping constant α ranges from 0.1 to 1. The MA constant during the pulse (K p ) ranges from 0 to 2 mJ/m 2 . The MA constant at V = 0 is assumed to be 4 mJ/m 2 . The DMI constant during the pulse (D p ) ranges from 0.01 to 2 mJ/m. The DMI constant at V = 0 is assumed to be 0. The shape of the voltage pulse is shown in Fig. 1  (b) , where V p and t p are the amplitude and the duration of the pulse. Figures 2 (a)-(d) show the typical examples of the magnetization dynamics. The value of α is assumed to be 1 to suppress the precessional motion during the pulse. The x-, y-and z-components of the space averaged magnetization unit vector are plotted by the blue dotted, red dashed and black solid curves, respectively. The external magnetic field of B ext =10 mT is applied in the positive x-direction. The initial state is the up-polarized state for Fig. 3 (a) and negative for Fig. 3 (b) . The red-tone represents the positive m z while the blue-tone represents the negative m z . The magnetization configuration at the end of the pulse (t = 1 ns) is quite different between the positive and negative voltage pulses. For the positive voltage pulse m z at the bottom left corner is positive and that at the top right corner is negative as shown in the second panel of Fig. 3 (a) . For the negative voltage pulse m z at the bottom left corner is negative and m z at the top right corner is positive as shown in the second panel of Fig. 3 (b) .
For the positive voltage pulse up-polarized initial state does not switch to the down-polarized sate but returns to the up-polarized state. Once the voltage is turned off the magnetic moments around the bottom left corner tilt upwards to form an up-polarized domain, and those around the top right corner tilt downwards to form a down- polarized domain as shown in the third panel of Fig. 3  (a) . Between the up-polarized and down-polarized domains there appears a narrow domain wall which moves to the top right corner to reduce the dmain wall energy. Finally the domain wall is swept out from the magnet, and the up-polarized state is recovered within 3 ns.
Application of the negative voltage pulse switches the magnetization from up-polarized state to the downpolarized state as shown in Fig. 3 (b) . After turning off the voltage pulse the magnetic moments around the bottom left corner tilt downwards to form a down-polarized domain, and those around the top right corner tilt upwards to form an up-polarized domain as shown in the third panel of Fig. 3 (b) . The domain wall between these two domains moves to the top right corner, and the magnetic state is switched to the down-polarized state within 3 ns.
As shown in the second panels of Figs. 3 (a) and 3 (b) the most magnetizaion vectors at the end of the pulse point to the negative x-direction in spite that B ext of 10 mT is applied in the positive x-direction, which implies that 10 mT is not large enough to align the magnetization vectors along B ext . Figures 4 (a) at the end of the pulse has the symmetry with respect to the following transformation:
Assuming that the magnetic moments are placed on a two-dimensional plane one can easily show that the LLG equation has the same symmetry. Let us discuss the parameter range where deterministic switching is available. Figure 5 easily be created by the small value of
2 ) the switching region is limited at around D p ≃ 1 mJ/m. As it will be shown later this switching region can be spread down to the lower values of D p by introducing rise and fall time to the square wave pulse.
Figures 5 (b) and (c) are the same plot for α = 0.5 and 0.1, respectively. For α = 0.5 the switching region splits into several small pieces and scattered as shown in Fig. 5 (b) . Also there appear some switching regions at large K p ( > ∼ 1.6 mJ/m 2 ). Further decrease of α down to 0.1 scatters the switching region into very fine pieces as shown in Fig. 5 (c) . In Fig. 5 (d) we plot the results for α = 0.1 and t p =10 ns which is long enough for magnetization to relax. Comparing Fig. 5 (d) with Fig.  5 (c) some switching regions are clustered but the difference between them is not significant. These results imply that the precessional motion of magnetic moments plays an important role in switching failure; i.e. the magnetic moments do not relax into the equilibrium state but into one of the quasi-equilibrium states.
In order to clarify the effect of the precessional motion on switching we calculate the quasi-adiabatic dynamics of magnetic moments. As shown in Fig. 6 (a) the absolute value of the voltage pulse V p is discretized with 100 points; i.e. we take 100 steps to turn on the voltage and another 100 steps to turn off the voltage. At each voltage the micromagnetic simulation is performed until the magnetic moments are relaxed. and fall time to the pulse will spread the switching region in Fig. 5 (a) .
We performed the simulations under the voltage pulse with rise and fall time shown in Fig. 6 (c) . The duration of the pulse is assumed to be t p = 1 ns, and the rise time and the fall time are assumed to be t r = t f = 0.2 ns. The other parameters are the same as in Fig. 5 (a) . The switching diagram is shown in Fig. 6 (d) . Introduction of the rise and fall time of 0.2 ns spreads the switching region; i.e. most of the unswitching region in the bottom left part of Fig. 5 (a) becomes the switching region in Fig. 6 (d) . Table I In summary, based on the micromagnetic simulations it is demonstrated that the voltage-induced changes of MA and DMI can switch the magnetization of a right triangle magnet under in-plane magnetic field. The magnetic state after application of the voltage pulse is determined by the polarity of the voltage irrespective of the initial magnetic state. The mechanism of switching and the conditions for the shape of the magnetic element and material parameters are clarified. The proposed deterministic switching provides the fast and low-power writing method for VC-MRAMs without preread.
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